a Correspondence to hokyung@pusan.ac.kr Keywords: X-ray Imaging, Digital Radiography, Computed Tomography, MTF, NPS, DQE Abstract. In order to develop a cost-effective digital X-ray imaging system, we considered a CMOS (complementary metal-oxide-semiconductor) photodiode array in conjunction with a scintillation screen. Imaging performance was evaluated in terms of MTF (modulation-transfer function), NPS (noise-power spectrum) and DQE (detective quantum efficiency). The presampled MTF was measured using a slanted-slit method. The NPS was determined by 2-dimensional Fourier analysis. Both the measured MTF and NPS, and a self-developed computational model for the X-ray spectral analysis were used to determine the spatial frequency-dependent DQE. From the measured MTF, the spatial resolution was found to be about 10.5 line pairs per millimeter (lp/mm). For a 45-kVp tungsten spectrum, the measured DQE around zero spatial frequency was about 40%.
Introduction
Recent developments both in microfocus X-ray sources and large-area pixel detectors have resulted in the development of cone-beam computed tomography (CBCT) systems with resolving power in the order of tens of micrometers, called microtomography (micro-CT) [1, 2] . Although micro-CT shares the same technology with conventional CT (and therefore the technology is not novel), there are many new potential applications in biological as well as materials sciences [1] [2] [3] [4] .
The eventual purpose of this study is to develop a cost-effective miniaturized micro-CT system and to apply it to small-animal imaging. The core of the system is an X-ray detector. Since the performance of the detector is mostly responsible for the image quality and eventually the quality of a tomogram, characterization of the performance of the detector is important for optimizing the design of the imaging system. The detector, in this study, has been constructed with a scintillation layer for converting incident X rays to optical photons and CMOS (complementary metal-oxidesemiconductor) photosensitive pixel arrays [5] for reading out the emitted optical photons, i.e., converting those to electrical signals. We have evaluated the imaging characteristics of the detector in terms of MTF (modulation-transfer function), NPS (noise-power spectrum) and DQE (detective quantum efficiency).
Materials and Methods
As an X-ray converter, a commercial phosphor screen (Min-R Medium, Eastman Kodak, US) was used. The screen is mainly made up of a terbium-doped gadolinium oxysulfide (Gd 2 O 2 S:Tb) showing an emission spectrum with the main peak at 545 nm. CMOS pixel array (RadEye TM , Rad-icon Imaging Corp., USA) [5] , i.e., the photosensitive pixel array made by CMOS process, was employed as the optical photon readout device. The CMOS pixel array has a format of 512 × 1024 pixels with a pitch of 48 µm.
The performance of the CMOS pixel detector has been evaluated in terms of MTF, NPS and DQE, which are fundamental measures describing the physical imaging characteristics of an imaging system. Measurement procedures are similar to those used in the previous work [6] . In order to obtain the aliasing-free MTF, a finely sampled line-spread function (LSF) was measured by using the well-known slanted-slit method [7] with a 10-µm-wide slit (I.I.E. GmbH, Aachen, Germany). The MTF was computed by performing a fast Fourier transformation (FFT) of the obtained LSF and normalizing it with the value at the zero spatial frequency. For the NPS evaluation, we defined more than 100 region-of-interests (ROIs) in an image. Each ROI is 128×128 pixels in size. The process sequence to determine the one-dimensional (1D) NSP is as follows [8] : (1) Converting into relative noise by subtracting and dividing the pixel values of each ROI by their mean value. (2) Performing the 2D FFT of each ROI to obtain the 2D NPS. (3) Scaling each NPS by its mean value relative to that of the reference ROI to remove the large-scale non-uniformities. (4) Averaging the scaled NPS for all the ROIs, and (5) Extracting the 1D NPS in the horizontal (data addressing), vertical (data transferring), and diagonal directions. It should be noted that the gain and offset of all the images used to obtain the MTF and NPS were corrected by using white and dark images averaged over 100 frames. All the measurements were performed using a 45-kVp X-ray spectrum tailored by a 0.5-mm-thick aluminum filter. Based on the measurements of MTF and NPS, we can estimate the DQE by
where Γ is the system gain and is equal to unity because the NPS in this study is based on the relative noise. The incident X-ray photon fluence, Φ [#/mm 2 ], was estimated using the experimentally measured exposure and the self-developed computational program for X-ray spectral analysis (Xtailor, Biomedical Mechatronics Lab, Pusan National University, Korea). Two different libraries of X-ray spectra are integrated into the program such as TASMIP [9] and SRS-78 [10] . The beam filtration or attenuation is calculated using the linear attenuation coefficients from NIST (National Institute of Standards and Technology, USA).
In order to analyze the obtained NPS and DQE of the CMOS pixel detector, we performed a theoretical evaluation using a cascaded linear-systems model [6, 11] . Assuming that the thickness and the density of the scintillation screen are 90 µm and 3.77 g/cm 3 , respectively, the signal and noise properties were estimated using Monte Carlo simulations. The detailed simulation procedures can be found in (Cho et al 2001) [12] . The NPS of the pixel detector is the sum of the NPS concerning spatial quantum correlation and the NPS concerning the additive electronic noise [6] . It is noted that, in the model, we assume that the additive electronic noise of the pixel detector is spatially constant (or spatially white noise). Therefore, the value of additive NPS at the zero spatial frequency can be used over the entire spatial frequencies [6] .
Results and Discussion
The MTF obtained without any geometrical magnifications is plotted in Fig. 1 . At 10% of MTF, the spatial resolution is about 10.5 line pairs per millimeter (or lp/mm). We could resolve 11 lp/mm of the high-resolution line-pair test pattern from a separate measurement as shown in Fig. 2 . Degradation of the MTF of the detector compared with that of the theoretical pixel aperture function for a 48-µm pitch is due to the optical photon scattering within the scintillation screen and in the air gap between the screen and the CMOS photodiodes. Figure 3 shows the measured NPS in three directions, which have almost the same magnitude and shape trends or symmetric property. For comparison, the calculated NPS is also included, which shows a large discrepancy relative to the measured data. Together with the measured MTF and NPS, and the calculated incident X-ray photon fluence, we estimated the spatial frequency-dependent DQE or DQE(f) as shown in Fig. 4 . As expected in the NPS analysis, there is also discrepancy between the experimental and theoretical DQE. For the linear-systems analysis, we assumed that the average energy necessary to release an optical photon was 15 eV, the escape probability of the optical photons from the screen 0.86, and the quantum efficiency of the CMOS photodiodes 0.75. The additive electronic noise add σ considering the dark current and the readout noise was taken to be about 1100
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electrons. If we neglect noise aliasing and the degradation of MTF due to the pixel aperture function, we can obtain the approximate DQE formalism as
In this equation, the MTF accounts only for the optical photon scattering of the screen. If the term ΦΓ 2 is large enough, the DQE at the zero spatial frequency, DQE(0), can be reduced to A N . The quantity A N is referred to as the "noise-equivalent" absorption in a scintillating material, which was first introduced by Swank [13] . From the Monte Carlo simulation, the quantum absorption efficiency, A Q , was found to be 0.49, and the Swank factor, A S , to be 0.91, and therefore A N = A Q ×A S = 0.45. Using Eq. (2), we tried to fit the experimental DQE as shown in Fig. 4 , which indicates that 2 add σ should be increased by about 9 times over the value used in the theoretical estimation. We believe that this extra noise is due to direct absorption of X-ray photons in the photodiode. Directly absorbed photons generate very large amounts of charge, which disproportionably increase the noise power in 
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Advanced Nondestructive Evaluation I the image. The detailed analysis is left as a further study. The NPS with the increased additive noise is shown in Fig. 3 .
Conclusions
The paper considered a cost-effective digital X-ray imaging system using a CMOS pixel detector. The imaging performance of the CMOS pixel detector has been evaluated in terms of MTF, NPS and DQE. The spatial resolution was found to be about 10.5 lp/mm. Measured NPS and DQE showed some disagreements with the theoretical estimations, especially for the spatial frequency band over 2 lp/mm. Based on the cascaded linear-systems analysis, we presume that the discrepancy is due to additional spatially white noise introduced during the measurements. The most probable source of this noise may be direct absorption of X-ray photons in the photodiodes. The further quantitative analysis on this is needed in the future study.
